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Introduction: NanOx is a theoretical framework developed to predict cell survival
to ionizing radiation in the context of radiotherapy. Based on statistical physics,
NanOx takes the stochastic nature of radiation at different spatial scales fully into
account. It extends concepts from microdosimetry to nanodosimetry, and
considers as well the primary oxidative stress. This article presents in detail the
general formalism behind NanOx.

Methods: Cell death induction in NanOx is modeled through two types of
biological events: the local lethal events, modeled by the inactivation of
nanometric sensitive targets, and the global events, represented by the toxic
accumulation of oxidative stress and sublethal lesions. The model is structured
into general premises and postulates, the theoretical bases compliant with
radiation physics and chemistry, and into simplifications and approximations,
which are required for its practical implementation.

Results: Calculations performed with NanOx showed that the energy deposited in
the penumbra of ion tracks may be neglected for the low-energy ions encountered
in some radiotherapy techniques, such as targeted radionuclide therapy. On the
other hand, the hydroxyl radical concentration induced by ions was shown to be
larger for low-LET ions and to decrease faster with time compared to photons.
Starting from the general formalism of the NanOx model, an expression was derived
for the cell survival to local lethal events in the track-segment approximation.

Discussion: The NanOx model combines premises of existing biophysical models
with fully innovative features to consider the stochastic effects of radiation at all
levels in order to estimate cell survival and the relative biological effectiveness of
ions. The details about the NanOx model formalism given in this paper allow anyone
to implement the model and modify it by introducing different approximations and
simplifications to improve it, or even adapt it to other medical applications.

KEYWORDS

NanOx, biophysical model, cell survival probability, radiotherapy, oxidative stress, Monte
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1 Introduction

Innovative radiotherapy techniques such as hadrontherapy, boron neutron capture
therapy (BNCT) and targeted radionuclide therapy (TRT) exploit the advantages of ions for
an improved irradiation of tumors.

From the radiobiological point of view ions have, due to their track structure, an
enhanced efficacy in killing tumor cells, quantified through the relative biological
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effectiveness (RBE). The RBE associated with a radiation quality is
defined as the ratio of the absorbed dose delivered by a reference
radiation to the one delivered by a particle or by a given mixed field
of different particles resulting in the same biological effect [1,2]. The
RBE is a complex function which depends on physical parameters
like the dose, the radiation type and energy, and on biological
parameters such as the cell line, the cell cycle phase and the cell
environment. It is normally assumed to be 1.1 along the whole path
for protons [3], while for heavier ions it may be predicted with a
biophysical model or via an empirical approach, e.g., from
irradiation experiments with different cell lines [4,5].

Biophysical models are important tools often used to evaluate
the biological effects of ionizing radiation in radiotherapy. In
particular, two different biophysical models are currently
implemented in the treatment planning systems (TPS) of
hadrontherapy facilities all over the world: the first version of the
local effect model (LEM) [6] and the modified microdosimetric
kinetic model (mMKM) [7,8].

Improved versions of those models have been developed to solve
some of their shortcomings [9-12]. Furthermore, other biophysical
models have emerged as well in recent years proposing alternative
frameworks to describe the radio-induced biological effects at different
scales and using a variable number of free parameters [13-17].

In this context, we developed and published in 2017 [13] the
NanOx biophysical model, a theoretical framework which gathered
and combined the premises of some of the models proposed in the
literature, while considering the stochastic nature of energy
deposition down to the nanometric scale. The latter leads to a
rigorous framework to describe radiation effects without, for
instance, the need of non-Poissonian corrections.

Among the ideas that inspired us from the literature we can
mention for instance the concept of local events defined in the three
first versions of the LEM [6,9,10]. This notion was reused to describe
processes leading to cell death due to energy deposition at the
nanometric scale. However, as it was shown that the magnitude of
fluctuations of such energy deposition cannot be disregarded [18],
the local dose was replaced in NanOx by a stochastic quantity
representing the physico-chemical mechanisms. This is in contrast
to the latest version of the LEM [11,19], where the biological effect of
ions is primarily linked to the initial distribution of DNA double-
strand breaks (DSB) induced by radiation rather than the local dose
itself. In addition, the LEM IV still applies the radial dose with an
amorphous track model to describe the energy depositions by ions,
without taking into account the significant stochastic effects in ion
tracks. The LEM IV also introduces a second-order of spatiality
(micrometer scale) beyond the nanometric scale, showing the
relevance of accounting for both in comparison to experiments [20].

Moreover, as explained in [21,22], local lethal events alone do not
allow to reproduce the shoulders in cell survival curves. For this
reason, we introduced non-local lethal events in the NanOx model.
The combination of “local” and “non-local” lethal events was inspired
by the incorporation of the “ion-kill” and “p-kill” components in the
model developed by Katz et al. [23,24]. On the whole, NanOx is a
framework that allows to predict cell survival to ionizing radiation
consistently with the stochastic nature of the latter down to a
nanometric scale. Since it takes into account not only the physical
processes, but also the chemical ones, its name refers to the concepts of
NANodosimetry and OXidative stress. Some predictions of this model
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for monoenergetic irradiations have already been published
[13,25-28] and showed good agreement with experimental data.

While a short description of the NanOx main principles and
postulates was given in [13], no exhaustive and complete presentation
of the model had been published until now. Moreover, this model was
initially developed for hadrontherapy [13,28]. The present paper
provides the general theoretical framework so it can be applied to
any radiotherapy technique, including BNCT and TRT. It is
structured as follows. Section 2 presents the basic concepts and the
detailed mathematical formalism behind the NanOx model. In
Section 3, we report some relevant results derived from the NanOx
model formalism, as well as an example of application for computing
the cell survival probability to local lethal events within the range of
validity of the track-segment approximation. Section 4 discusses the
positioning of NanOx in respect to other biophysical models proposed
in the literature. Finally, conclusions are drawn in Section 5.

2 Materials and methods

The formalism behind the NanOx model is detailed in this
section. Our discussion follows a top-down approach, ie., the
general premises and main postulates of the model are presented
first (Sections 2.1 and Section 2.2); then, the simplifications and
approximations necessary for the practical implementation of the
model are introduced (Section 2.3). Lastly, a summary of the
parameters required for NanOx calculations is provided in Section 2.4.

2.1 General premises of the NanOx model

The main premise of the NanOx model is that cell survival is the
result of cell response to two types of biological events that take place
in the sequence of an irradiation and occur at different spatial scales:
the “local” and “non-local” lethal events.

The NanOx model relies on a completely stochastic theory,
according to which cell survival is averaged over all irradiation
configurations cx. Depending on the application field, cx may
account for the set of parameters characterizing the nature of
irradiation, such as the type of particles, their initial position,
direction and energy. Each configuration consists of a stochastic
number K of radiation tracks with a stochastic distribution of energy
transfer points and radical species. A radiation track may correspond, for
instance, to a track generated by an ion or an electron; to the interactions
of photons or neutrons that lead to the ejection of secondary particles
(electrons or ions); or to the different particles emitted in a radioactive
decay. Radiation tracks are produced by means of Monte Carlo (MC)
simulations of particle transport in matter (with a nanometric
resolution), including physico-chemical and chemical processes [29].

As Figure 1 shows, the spatial distributions of energy transfer
points and of primary radical species constitute the main input for
the NanOx model. The spatial distribution of energy transfer points
is used to compute the restricted specific energy (see Definition 2,
Section 2.2.2) in nanometric targets associated with local lethal
events. On the other hand, the distribution of primary radicals is
used to model the effects induced by global events (a particular case
of non-local lethal events) via the chemical specific energy (see
Definition 5, Section 2.3.3.3).
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Overview of the NanOx biophysical model
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FIGURE 1

Overview of the NanOx biophysical model. z: restricted specific energy distribution in local targets; Zq: restricted specific energy distribution in the
sensitive volume Q; RCE,: relative chemical effectiveness; D: macroscopic dose; K: number of radiation tracks in the volume of influence (see Definition
1). Each radiation track k may correspond to a track generated by an ion or an electron, to the interactions of photons or neutrons that lead to the ejection
of secondary particles, or to the particles emitted in a radioactive decay; P (c,): probability of a radiation configuration cy; dq: diameter of the
sensitive volume Q; a;, B: linear-quadratic (LQ) coefficients for reference radiation; aint, anign: linear coefficient for intermediate- and high-LET radiation,
respectively; Fq: effective local lethal function for a sensitive volume Q; Zq: chemical specific energy distribution in the sensitive volume Q; ag, Bc: LQ

coefficients for global events. The illustrative geometry is not to scale.

The procedure required for the calculation of the cell survival
fraction, illustrated schematically in Figure 1, may be easily
generalized to any mixed field.

2.1.1 Locality and local lethal events

The notion of locality means that we can consider a volume small
enough such that the probability that two or more particle tracks
deposit a significant specific energy inside that volume is negligible at
clinical doses. This is the case of biological targets of the order of tens of
nanometers (< 100 nm) [21]. By definition, a local lethal event is able to
induce cell death on its own; it is triggered by physical and chemical
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processes induced at local scale by an irradiation. As an example, a local
lethal event may correspond to severe clustered DNA damage which is
not managed by the cell, and thus leads to its death. Local lethal events
are biologically independent, in other words the probability that a local
energy deposition induces cell death is independent of any other energy
deposition and biological event. Moreover, it has been demonstrated
that these events yield cell survival curves that do not show any shoulder
[21]. The local action of radiation is represented in NanOx by the
quantity x, determined according to the physical or chemical
phenomenon considered for representing an irradiation. For
example, it may range from the distributions of ionization cluster
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TABLE 1 List of the main notations used in the NanOx model, their name and definition.

Q Sensitive volume

Volume representing or containing the radiosensitive structures whose damage may induce cell death

i Local target

Index of any volume that respects the locality condition placed inside a sensitive volume Q

Nq | Set of local targets in a sensitive volume Q0 = Number of local targets belonging to a sensitive volume Q

N Set of all local targets

i Configuration of the local target i
cn, | Configuration of the local targets Ng
cy | Configuration of N local targets

k Single radiation track
secondary particles

Total number of local targets, all sensitive volumes taken into account, N > 1

Set of parameters that describe the local target i, including for instance its geometry, position and rotation
Spatial distribution of the N, targets in the sensitive volume (), each with an associated configuration ¢;
Same as cy,, but for the local targets in all sensitive volumes

Index of any set of interactions between the medium and the primary radiation (ion, electron, photon or neutron) and all the

K Set of radiation tracks

Ck Configuration of the radiation track k

cx | Configuration of a set of K radiation tracks

x Local quantity

Xqo | Non-local quantity

size [30] and the descriptors of DNA damage [31], to the thermal spikes
generated by high linear energy transfer (LET) ions [32] and the
consequent shock waves [33]. While the aforementioned processes
may be investigated in the future, in the current version of NanOx x = z,
ie, the restricted specific energy (see Section 2.2.2).

2.1.2 Non-local lethal events
Non-local lethal by definition, the
complementary class to that of local lethal events. They may be

events constitute,
associated with physico-chemical mechanisms occurring at a larger
scale than the local ones, but they may also correspond to a distribution
of several local events, the single action of which being non-lethal. A
common example of non-local lethal events used in microdosimetric
models is the interaction between two sublethal cellular lesions
separated by distances of the order of the micrometer. The
combination of these events, by an effect of accumulation and/or
interaction, may result in cell death by triggering apoptosis or via any
other cell death pathway. In the current version of NanOx, we
introduce “global” events to describe a phenomenon of toxic
accumulation. This accumulation may refer to the generation of
numerous sublethal lesions which become complex to manage for
the cell, or refer to an imbalance between the amount of antioxidant
defenses and reactive chemical species. This choice allows us to explore
amechanism that is usually not considered in other biophysical models
reported in the literature. Moreover, this choice does not exclude the
possibility of exploring other processes in the future, such as the radio-
induced damage on cellular targets other than the nucleus (e.g., in the
cell membrane or the mitochondria), the communications of type
bystander, and the mechanisms underpinning the oxygen effect on
tumor resistance to radiotherapy [34].

In a general way, we set X the quantity that represents the action
that triggers global events. In this context, the production of primary
reactive chemical species seemed to us of particular interest and we
decided to take it as a parameter to account for all global events in
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Number of radiation tracks, K > 1

Set of parameters that describe the radiation track k totally or partially inside the volume of influence, including for instance
the spatial distribution of energy transfer points and the resulting physico-chemical events at a given time

Spatial distribution of the K radiation tracks, each with an associated configuration ¢,
Physico-chemical quantity inside a local target

Physico-chemical quantity inside the sensitive volume Q associated with non-local events

the current version of NanOx. Indeed, radical species are responsible
for causing oxidative stress and inducing a significant part of
sublethal damage [35,36].

It should be noted that there is
correspondence between the direct effects of ionizing radiation
and the local lethal events in the NanOx model; similarly, no

no straightforward

one-to-one correspondence can be established between the
indirect effects of ionizing radiation and the global events as
defined in NanOx. As a matter of fact, both local and global
events might have contributions of both direct and indirect effects.

2.2 Postulates of the NanOx model

This section requires the introduction of some definitions and
notations, which are summarized in Table 1. The NanOx postulates,
previously presented in [13], are listed; the equations derived from
Postulate 3 are, however, more general here.

With NanOx, we look to perform a simulation close to reality. In
that sense, to each cell in a population corresponds a unique radiation
track configuration that represents the radiation impacts inside that
cell, as well as the impacts taking place outside of it but which are able
to induce energy deposition or ionizations in the cell.

Let us consider a large number N of cells irradiated with an
absorbed dose D. Experimentally, the average cell survival for a cell
population, {S,op), can be computed as:

1 N
(Spop? = N ;Si- (1)

Alternatively, we could consider a representative cell such that:
(Spop)={Sce) w5 )

where the subscript IR denotes the set of N irradiation
configurations impacting the Ncells in the previous approach
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TABLE 2 Energy of the processes considered in the Monte Carlo simulations for
NanOx [59].

Shell of the water Process

molecule

1.3 - Aqueous electron attachment
8.4 a'b, Water molecule excitation
10.1 b'a,

539.7 Is Tonization of the different

electron shells

324 la;

16.6 1b,

14.7 2a,

12 1b,

(Eq. 1). Ideally, N would be infinite to minimize statistical
fluctuations.

The previous considerations lead us to the following
simplification.
Simplification 1 (Representative cell associated with a cell
population)
We consider that the cell survival probability can be computed
starting from a representative cell. The latter means that we calculate
the average survival of the representative cell over many
configurations of radiation tracks.

he latter simplification implies that in NanOx we do not
consider explicitly the effect of communications between cells.
However, such processes are implicitly included in NanOx’s
predictions because the model’s parameters are adjusted with
experimental data, which clearly include all types of cell
communications.

2.2.1 Sensitive volumes and volume of influence
Postulate 1 (Sensitive volumes associated with local and non-local
lethal events)

The cell survival fraction after an irradiation is characterized by the
effect of such an irradiation on several sensitive volumes, some
associated with local lethal events and some associated with non-
local lethal events.

Definition 1. (Volume of influence)

The volume of influence is a volume large enough that the track of a
particle outside this volume leads to a negligible transfer of energy
into the sensitive volumes associated with local and non-local lethal
events.

2.2.2 Restricted specific energy

Microdosimetry introduced the specific energy as the
stochastic analogue of the dose; this quantity is in fact
defined as the ratio of the energy imparted by one or more
events in a site, to the mass of the site. We propose an
alternative computation, disregarding the energy that simply
causes the heating of the medium (e.g., molecular vibrations,
interactions between electrons and water phonons, geminate
recombinations).
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Definition 2. (Restricted specific energy)

The restricted specific energy z defined for a given target
corresponds to the specific energy in that target obtained by
considering only the energy transfers that may lead to events
which are relevant for the biological effects of radiation (e.g.,
ionizations, excitations and attachments of electrons).

For a sufficiently large target:

{z) =n-D, (3)

Where 7 ~ 80% according to calculations with LQD [29] (see Section
3.1). The considered processes and their energies are listed in Table 2.
Let us note that the value of # might depend on the set of interaction
cross sections used in the simulations [37] and it is not measurable.
On the other hand, the good agreement obtained for radical yields
[38-40] and in the prediction of the mean ionization energy (or
W-value, an indication of the fraction of energy related to ionization)
[41,42] give confidence about the value of # reported here.

2.2.3 Cell survival to local and non-local lethal
events
Postulate 2 (Independence of local and non-local lethal events)
Local and non-local lethal events are independent. Thus, the
probability of cell survival to a configuration of radiation tracks
cx (%S) is given by the following expression:

KS = KS x K8 (4)

Where €S; (resp. *Sni) represents the probability of cell

survival to local lethal events (non-local lethal events). In
Equation 4, K is the number of particle tracks in the volume of
influence and cx denotes their configuration, ie., their spatial
distribution and track description.
In order to compare predictions and experimental data often
measured after a macroscopic dose D of irradiation, ¢S has to be
averaged over the whole set of different radiation track configurations
that deposit a macroscopic dose D in the volume of influence.

2.2.3.1 Cell survival to local lethal events

The modeling of cell survival probability to local lethal events is
based on the single-hit, single-target theory [43]. Therefore cell
killing is induced by the inactivation of one single target among N.
The size of the latter is small enough (nanometric) to allow
classifying this inactivation mechanism as a local lethal event.
Postulate 3 (Definition of the probability of cell survival to local
lethal events)
The probability of cell survival to local lethal events (“~¢S) for a
given configuration of N targets (cy) and K particle tracks (c) is equal
to the probability that no target is inactivated. The biological response
of a target i depends only on the quantity “““x in that same target i.

Since Postulate 3 entails that target responses are independent,
MRSy is expressed as:

wvers = [T [ (1 =2f (=), ®)

Q ce Q

where  f (““x) is the probability that the target i belonging to the
sensitive volume Q is inactivated following an irradiation by a
configuration cg of tracks that induced the quantity “x in the
target i. Since ¢; € Q, the response function “ f may be classified by
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the category Q, such that “f = fo. QO may correspond to the
nucleus, the cytoplasm, a lysosome and, in general, any organelle
or cell structure of interest. Moreover, the positions of the targets
define the sensitive volume ), where the total number of targets N is
given by:

N =) N, (6)
Q

with Nq the number of targets inside the sensitive volume Q. For
example, if the mitochondrion unit was considered as target, then
the domain would correspond to the mitochondrial network.
Considering that the size of the targets associated with local
lethal events is defined so that the probability that two particle
tracks deposit energy into the same target is negligible, the following
approximation holds:

Gk gy ik g )
where k; is the index of the particle track responsible for the
physical or chemical quantity associated with the target i.
Obviously, if the target i does not suffer any physico-chemical
process, %%
we obtain:

wvecs = [T ] (1 fa(x))

Q ce Q

=[TTI [T~ faCx); ()

Q k=1 cie Q

ix = 0. Regrouping the factors by track index in Eq. 5

As it will be shown in Section 3.2, it is possible to write (S in
terms of the average effective number of local lethal events (ENLLE).

2.2.3.2 Cell survival to non-local lethal events

In the present version of NanOx, we use the class of global events
to describe a phenomenon of toxic accumulation, which may
sublethal that
would saturate at a certain point the repair capacities of the cell,

encompass the production of lesions
or the oxidative stress induced by reactive chemical species.
Postulate 4 (Non-local lethal events limited to global events)

In this version of the NanOx model non-local lethal events
are limited to the class of global events, for which a function
representing the toxic accumulation of sublethal lesions or
oxidative stress induced by reactive chemical species is
introduced.

Postulate 5 (Probability of cell survival to global events)

The probability of cell survival to global events *>*Sg is a

function of the quantity X generated by the configuration of
radiation tracks ck in the sensitive volumes. X may be a matrix of
quantities defined at non-local scale, or defined at local scale
provided that the function “°cSg integrates some biological
correlations between such local quantities.
For example, X may represent a vector describing the formation
of local sublethal lesions and “*Sg could translate the
interaction between them. X may also be a matrix describing
an oxidative stress in terms of the production of various chemical
species in several cellular substructures. Currently, X is the
chemical specific energy (see Section 2.3.3.3) associated with
OH®, but O, and HO,® could be included as well to take
into account the oxygen effect [44].
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2.3 Implementation of NanOx

NanOx was defined in the previous sections, however its

implementation requires some approximations and
simplifications to drastically reduce the amount of computing

resources required.

2.3.1 Core and penumbra for ion tracks

For ions we can consider a track segment of length L small
enough to consider a straight trajectory over which the energy
remains constant. For sufficiently high-energy ions, L may be
equal or even larger than the size of the cell. The previous
assumption is made basically to exploit the track-segment
approximation
that

particularly when projectile or target fragmentation occurs.

in hadrontherapy applications. Let us note,
however, this approximation is not always verified,
Indeed, it has been shown in the literature that even for proton
beams target fragmentation modifies the biological dose calculation,
especially in the entrance channel, while minor effects are expected
in the Bragg peak region [45]. The impact of fragment species is
currently not included in NanOx, but it may be investigated in future
versions of the model along with low-energy ion irradiations.

To simplify the implementation of the model and the
calculations, we exploited a feature that characterizes ion tracks:
the presence of two regions in which the energy deposition patterns
are totally distinct. The inner core may be distinguished by a high
concentration of energy transfer points around the ion’s path, while
the remainder of the track, designated as penumbra, consists of
sparser energy depositions issued from fast § electrons; its extension
is delimited by the farthest energy transfer points from the ion
trajectory. The two regions may be easily identified in Figure 2,
where the spatial pattern of energy depositions in water by a
2.6 MeV proton and a 12 MeV/u carbon ion is depicted.

The track
straightforward, since the typical extension of the inner region

delimitation of the two components is not
may vary according to the radiation quality. The interest in
treating the track core and penumbra differently is to describe
the physical and chemical events that compose the latter region
in the same way as those induced by the reference radiation,
i.e, photons (corresponding to LET values < 1keV/pm). In
other words, the extension of the track core has to be sufficiently
large so that the density of physical and chemical events in the track
penumbra is comparable to that of the reference radiation. At the
same time, such a discretization should be fine enough in order to
minimize any edge effects (as in the case where the track core
intercepts the border of the sensitive volumes).

Let us consider the path of an ion traversing the volume of influence
of a sensitive volume Q. The energy % E deposited in the sensitive
volume is equal to the sum of the contributions from the track core
%Eq, and the track penumbra “Eq :

%Eq =*Eq.+ CkEQ,ps )

Where %Eq . = 0 when the path of the ion is outside the sensitive
volume Q.

It is worth mentioning that for low-energy ions the track-
segment approximation becomes more questionable than in
another to be

hadrontherapy and therefore strategy has
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3D plots of the tracks of a 2.6 MeV proton (A) and a 12 MeV/u carbon ion (B) with a LET in water of 13.5 and 151 keV/pum, respectively. Each point
corresponds to an energy transfer point simulated with LQD (C, D) correspond to a zoom over the inner region of the tracks (core volume).

developed. For instance, for sufficiently low energies, the penumbra
may be neglected (see Section 3.3). This could be applied for instance
to TRT with a-particle emitters, BNCT, or neutron irradiations in
general. Ongoing work is devoted to extend the model to low-energy
ion irradiations, which will allow to take into account as well the
impact of fragmentation on NanOx predictions.

2.3.2 Local lethal events
2.3.2.1 Strategy: From nanoscale to microscale

In order to implement the modeling of cell survival to local lethal
events, we present several approximations; the purpose is to
disregard, when possible, the details at nanoscale in favor of
some generalizations and to replace, when justified, some
quantities with their mean values.

First, we provide a generic representation of local targets to
treat them as N undifferentiated entities and neglect the specific
features that each one may present. This will allow to introduce in
Section 3.2 an “effective local lethal function” (ELLF), which
characterizes the response of each cell line instead of the one of
each target [46].

Second, for each radiation quality we establish a link between the
effective number of local lethal events (ENLLE, written as n”, see
Section 3.2) and the restricted specific energy deposited in each

Frontiers in Physics

sensitive volume Q by K tracks (Zg). Indeed calculating the number
of effective local lethal events for each configuration of targets and
radiation tracks would be cumbersome, thus some simplifications
are strongly recommended. For this reason, we introduce coefficient
o defined generically as follows:

n' =aZ. (10)

2.3.2.2 Characterization of the local targets
Approximation 1 (Definition of the number N, of local targets in
the sensitive volume Q)

The number N, of local targets in the sensitive volume Q) is large
enough so that the fluctuations in the ENLLE (Section 3.2) become
negligible.

Simplification 2 (Identical local targets in the sensitive volume ()
All local targets in a sensitive volume () have the same geometry and
their response is characterized by the same law. We will use in the
following the index ty, to represent the average response of Nq
targets.

Simplification 3 (Homogeneous distribution of the targets
associated with local lethal events)

The targets associated with local lethal events are homogeneously
distributed inside the sensitives volumes of the cell.

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1011062

Alcocer-Avila et al.

Simplification 4 (Characterization of the targets associated with
local lethal events)

The local targets are modeled as cylinders with length L, = 10 nm
and diameter d, = 20 nm, oriented along a single direction. For
instance, the direction of an incident photon beam or the ion’s
trajectory for track-segment conditions.

The size of the local targets is independent of radiation quality
and cell line. The chosen dimensions correspond roughly to the
extension of a DSB, taking the diffusion of reactive chemical species
into account. Indeed, a DSB may extend up to over 20 base pairs or
6 nm [9,21,47], while the reactive species can cause damage up to
4 nm away from the hit site [9,48].

2.3.2.3 Alpha coefficient for reference radiation

Definition 3. (Low-LET as reference radiation)

The reference radiation corresponds to low-LET radiation (LET
< 1 keV/um). Since in the case of low-LET radiation the number of
tracks K is very high at clinical doses, the ENLLE exhibits only a
slight dependency on the configurations ck, leading to the following
approximation.
Approximation 2 (« coefficient for reference radiation)
The average ENLLE (see Section 3.2) induced in the sensitive volume
Q by reference radiation at clinical doses is proportional to the
restricted specific energy deposited in the sensitive volume

*
oKy r= No ‘xr,L,ﬂCK Zq

(11)

where *

Nog1 o is the proportionality coefficient for the reference
radiation relative to local lethal events, independent of the
irradiation configurations. We would like to stress that ™ea,; o is
not deduced from the experimental value for photons, but calculated in
the same way as for any ionizing radiation.

In the case of ions, in turn, the number of local lethal events depends
on the track configuration because the interaction with matter is
characterized by a high density of ionizations in the region closest to
the ion path (core) as opposed to the complementary outer region
(penumbra). Such a structure of the ion track implies that the
number of local lethal events in a sensitive volume may be
substantially different according to whether the core volume is

Watkg  to

located inside or outside. Moreover one expects
strongly vary from track to track due to the contribution to
Wo%pn" from the penumbra, since the generation of & electrons
may be a rare event. These issues must be addressed according to the
specific domain of application (see [28] explaining the methodology

applied for hadrontherapy).

2.3.3 Non-local lethal events

2.3.3.1 Cell survival probability to global events
Simplification 5 (The cell survival to global events has a linear-
quadratic (LQ) shape)

The probability of cell survival to global events computed over all
sensitive volumes is written as:

*Sa(*Y) = [ [*Saa(*Ya)

Q

(12)

where “Sg o and Y are the probability of cell survival and the
concentration of radical species in the sensitive volume Q associated
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with global events, respectively. *Sg q, is a linear-quadratic function
of YQ :

CKSG,Q (CKYQ) = exp (—QCKYQ - bCKYQz), (13)

with a and b representing cell line-dependent parameters. Indeed, to
predict the shoulder seen in cell suvival curves it is necessary to have
a quadratic term in the cell survival to global events.
Simplification 6 (Representative chemical species)

Primary hydroxyl radicals (OH") produced by water radiolysis at a
time Trcg (Where the subscript RCE refers to the relative chemical
effectiveness defined in Section 2.3.3.3), elapsed after each radiation
track, are chosen to represent the reactive chemical species. OH®
radicals are indeed among the most effective reactive chemical
species in causing cell damage [49].

2.3.3.2 Strategy: From nanoscale to microscale

“Yq is a microscopic quantity since it corresponds to a
concentration inside the sensitive volume (), but relies on
calculations that have to be performed at nanometric scale to
take into account the OH® radicals production and diffusion
along the ion tracks (heterogeneous chemistry). In order to deal
with this laborious work, we propose a series of approximations that
lead to the introduction of the chemical specific energy (Z). In this
way, Eq. 13 may be reformulated as:

CKSG,Q(CKZQ) = eXP(‘“GCKZQ - ﬁGCKZQZ) (14)
Zq and the LQ coefficients ag and B will be introduced in the next
section; as it will be pointed out, the latter are of particular interest
since they allow to draw a simple relation with the f coefficient
characterizing the survival curves for low-LET radiation types.
Further simplifications are required for this development; first, by
dealing only with primary radicals and moderate clinical doses,
tracks may be considered as independent; second, the separation
between core and penumbra and the micrometric size of the
sensitive volumes allow to approximate certain quantities by their
mean values.

2.3.3.3 Chemical specific energy

Definition 4. (Chemical yield)

The chemical yield G is defined as the ratio between the
concentration of a given reactive chemical species and the
irradiation dose that induces such a concentration. More
precisely, G represents the number of reactive chemical species

generated per 100 eV.

Definition 5. (Chemical specific energy)

The chemical specific energy “Zq in the sensitive volume O
resulting from an irradiation with a configuration of radiation
tracks cx may be determined as follows:

CKZQ = CKRCEQ . CKZQ (15)

In Eq. 15, *Zq is the specific energy deposited in the sensitive
volume Q by K radiation tracks, computed with the LQD MC code;
“RCEq is the relative chemical effectiveness in the sensitive volume
Q, defined from the chemical yields of the reference radiation, G,,
and that of the considered particle, *Gg:
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K@
*RCEq = —

(16)

T

and computed with the LQD/PHYCHEML/CHEM MC codes [29].

Property 1. (Tracks of primary reactive chemical species)

As the chemical yields are computed for primary reactive chemical
species, the tracks may be considered as independent:
~ K
CKZQ = chRCEQ . CkZQ

k=1

(17)

At this stage, it is possible to express the probability of cell survival to
global events (Eq. 13) as a function of the chemical specific energy.
The concentration of primary reactive chemical species after a
configuration of K radiation tracks may be expressed as:

G,

9% -
XY, = *Ga, K7y = L. KT
n n

(18)

The factor #, previously presented in Eq. 3, is due to the fact that we
chose to discard the fraction of deposited energy leading exclusively
to the heating of the medium in our calculations, while the definition
of the yield relies on the standard notion of specific energy. By
replacing the second term of Eq. 18 in Eq. 13, one obtains:

2
CKSG’Q(CKZQ): exp[—a% . CKZQ - b(% . CKZQ) ]

~ ~ 2
= exp(—(xGCKZQ —ﬂGCKZQ ), (19)

where the new coefficients read ag = a - G,/ and B =b- (G,/ .

2.3.4 Calculation of cell survival for reference
radiation

The ag and f3g coefficients introduced in the previous section are
determined by imposing that NanOx predictions reproduce a LQ
expression for the survival of reference radiation. The calculation is
detailed below. For the sake of simplicity we restrict the following
discussion to the case of one sensitive volume, thus the index Q will
be omitted. For an irradiation with dose D, the average probability of
cell survival corresponds to:

Sr(D) = ipr(K:D) Sr(K)

K=0

(20)

where P,(K, D) is the probability that K radiation tracks are located
inside the chosen volume of influence for a dose D delivered by the
reference radiation and

S (K) =Y Pr(cg) - S, (21)

Due to Approximation 2 and to the fact that for reference radiation
RCE, = 1 and thus * Z, = « Z,, the probability of cell survival depends
on the configuration of radiation tracks cx only via * Z:

S:(K) = Y Py(ck) - S:(*Z,)

=Y | azipeo s 2)- 022,

(22)
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FIGURE 3

Probability distribution of specific energies in cylinders of

4.89 pym radius and 1 pm thickness for an irradiation of 0.1 Gy with
photons from a *°Co source. The simulations were carried out with
LQD, and the bin width was defined as 6 x 10~ Gy.

where the Dirac delta function allowed for a reformulation of the
same mathematical entity. Eq. 20 may, thus, be expressed as follows:

§:(D) = J:odz[sr (2) ( i P.(K,D) ) P:(cx)-8(Z - CKz,)>].
K=0 cK
(23)

Finally, by renaming 0Pp/0Z the weighting factor which represents
the distribution of specific energy in the sensitive volume
corresponding to a macroscopic dose D, one obtains:

oPp

S.(D) = I:OdZ[Sr(Z) : —] (24)

0Z

Approximation 3 (The distribution of energy depositions of
reference radiation at a microscopic scale is modeled with a
Gaussian law)

If the dose deposited by reference radiation in the sensitive volume
is higher than a few c¢Gy and lower than a few tens of Gy,

i.e, belongs to a range in which the linear-quadratic
approximation for cell survival is appropriate, OPp/0Z
corresponds to a Gaussian law:
oPp 1 -(Z-&))
-2 = 25
with:
{Z) =nD. (26)

We remind that the factor # was mentioned in the description of the
restricted specific energy (Definition 2), and its value corresponds almost
to 80% (see also Section 3.1).

Figure 3 reports, as an example, the specific energy distribution obtained
after an irradiation with photons from a “Co source depositing 0.1 Gy in
cylinders of 4.89 um radius and 1 um thickness. The curve is a Gaussian
peaked around 0.08 Gy, corresponding to the irradiation dose rescaled
by the factor #.
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Once analyzed the factor 0Pp/0Z, Eq. 24 may be used to derive the
coefficients oG and fg, which have been introduced for the modeling of
global events, and «,;, for the description of local events. The term on the
left represents the LQ description of cell survival probability to reference
radiation in terms of the macroscopic dose D, by definition:

S. (D) = exp(-a,D - B.D?). (27)

The term on the right of Eq. 24, on the other hand, corresponds to a
convolution between a Gaussian and the NanOx representation of
the cell survival probability to reference radiation as a function of the
microscopic restricted specific energy. The latter equals:

8.(2) = exp(-a/Z - B/ Z%), (28)
where o/ and 8] are given by:
-

Q& = 0L + &g (29)

ﬁr’ = g

The integral from 0 to infinity in Eq. 24 may be approximated to the
one from —co to co provided that D is sufficiently larger than 0 Gy.
In this way, knowing the result of the Euler-Poisson integral, the
convolution becomes:

2 2
0%

eXP(ﬁ)
5.(D) = 2-(1+2Bl0%)

\1+28/0%

1+2B!0;, B 5
- exp —=a,(Z) - ——(Z%)
( 1 =20y
, (30)
%02
eXp(.Z—r,)
Given that iiﬁz‘gai) ~ 1, Eq. 30 reads:
1+ 2p!0> B
S, (D) ~ 2y {Z) - r zZ* ). 31
R )

In the framework of this approximation, the coefficients of cell
survival at a microscopic scale for a low-LET irradiation are finally
determined:

ﬁl’

ﬁl

r T 2R 2
n=2p0
L 2gl J (32)
+2Blo
o = ——Fa,
n
with the previous expressions simplifying to:
B,
Bl = pr)
(33)
;%
o =—
n

When o, «<{Z) = nD.
Let’s recall that for our calculations we did not applied such
approximations, and we defined the coefficient C; as:
“r,L

CL_

= (34)
ALt aG

to represent the fraction of the linear component of the cell survival
probability at a microscopic scale due to local lethal events after
reference radiation. Cy is set to 1 in this version of the model,

resulting in ag = 0 Gy ', which allows for an independent

adjustment of the local and the global events. We obtain then:
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TABLE 3 NanOx model parameters and classes of events with which they are
associated.

Class Name Description
General Lo Thickness of the sensitive volume Q
do Diameter of the sensitive volume Q
Local L Local target thickness
dy Local target diameter
Fq(h, 2o, 0, 2) ELLF for the sensitive volume Q
Parameters
h: height of the response
zo: threshold
o: extent of the increase
Global aG Pa Coefficients of cell response to
global events
TrcE Time at which the production

of the reactive chemical species

is considered

2.4 Summary of the NanOx model
parameters

To conclude the characterization of the model, which proceeded
first via the presentation of the main postulates and then with the list
of approximations and simplifications currently implemented, it is
interesting to consider the parameters required for NanOx
calculations. The main input parameters required for NanOx
predictions are summarized in Table 3.

The modeling of local and non-local lethal events is based on the
definition of critical cellular regions called “sensitive volumes”. The
latter may correspond for instance to the cell nucleus and to the
cytoplasm, if the modeling considers two sensitive volumes. For the
sake of simplicity, and to reduce computing time, the sensitive
volumes are modeled by default in NanOx simulations as cylinders.
However, calculations may be extended to complex and more
realistic cell geometries (e.g., obtained from microscopy images,
see Figure 1).

The modeling of local lethal events relies on the inactivation
of nanometric biological targets designated via their diameter d;
and thickness L. A convenient representation of this process is
given in terms of an “effective local lethal function” (ELLF), Fq,
expressing the response of the specific cell line instead of the one
of each single local target (see Section 3.2). By initially defining
Fq as a linear combination of basis functions, it has been shown
in [46] that this function presents a threshold and a saturation for
the 3 cell lines (V79, CHO-K1 and HSG) considered in that study.
In order to reproduce the function’s main features while reducing

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1011062

Alcocer-Avila et al.

10.3389/fphy.2023.1011062

TABLE 4 Values for the factor 7, i.e., the ratio of the energy deposited in the medium to the total energy lost by radiation’.

Radiation Energy (MeV/u) n Standard error
Photon 0.1 Gy 0.802 6.1 x 10°°
Proton 1 0.798 47 x 107
10 0.799 7.7 x 107
100 0.798 1.5 % 107
Helium 1 0.799 22x107°
10 0.799 6.1 % 10°°
100 0.798 7.0 x 107
Carbon 1 0.800 1.0 x 107°
10 0.799 1.8 x 107
100 0.799 20 %107

"The result for each radiation is the average value computed over 100 simulations performed with the LQD MC code.

the number of parameters, an error-like function was then used
with the three following parameters: h, the height of the response,
zo, the restricted specific energy threshold and o, the extent of the
increase.

On the other hand, the modeling of global events, a particular
case of non-local lethal events, requires the parameters ag, ¢
and Trcg. Nevertheless, an extensive study of the influence of
NanOx parameters [26] demonstrated that the prediction of the
biological effect of ions for a wide LET range may be based,
when considering a single sensitive volume, on only five
parameters characterizing a given cell line (dq, h, 2z, 0, Bg),
while the other parameters can be fixed according to specific
considerations.

3 Results
3.1 Computation of 5

As mentioned in Section 2.2.2, the restricted specific energy z
takes into account only the fraction of energy deposits that may
contribute to biological damage. Such fraction, denoted as 7 in our
model, is the ratio of the energy deposited in the medium to the total
energy lost by radiation. We computed by means of the LQD MC
code [29] the value of # for different radiation types and incident
energies. The results are presented in Table 4. It can be seen that
regardless of the radiation quality, 7 is approximately equal to 0.8 for
all practical purposes.

3.2 Effective number of local lethal events
and effective local lethal function

The average number of local lethal events in a local target i
belonging to the sensitive volume (), determined over the whole set
of possible biological responses in the sequence of an irradiation
leading to a quantity x; in the target i, is:
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CisChyy = Cif (Civckx) = fn (Civckx)’ (36)

since ¢; € Q. We introduce here a quantity more convenient for
the practical implementation of the model, which we designate
as the average (over the whole set of possible biological
responses) effective number of local lethal events (ENLLE) in
the target i:

Ci,Ckn* — —ln(l _ fQ (Ci,Ckx)). (37)

Given that, by definition, local lethal events are mutually
independent, the average ENLLE induced by the track k in the
sensitive volume Q with N, targets is:

Nk = Z Cisch gy
ce Q

(38)

Or taking into account the total number of targets N in the sensitive
volumes:

NGkt — z N kg
Q

(39)

The cell survival fraction to local lethal events for a configuration of
N targets and K particle tracks (Eq. 8) can then be written as:

K
vy = [ T exp (=) = exp (=i,

(40)
k=1
K
with VK" = ZCN’C"n*' (41)
k=1

At this stage it is possible to define the effective local lethal function
Fq(z) (ELLF) for a sensitive volume Q:

o +00 g
n o= JO [dZ]Q,CKFQ (z)dz, (42)
with

Fq(z) = =Nqln(1 - fq(2)), (43)
and
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TABLE 5 Average ratio of the energies in the penumbra (E,) and the core (E) for different ions and incident energies’.

[o]] Energy (MeV/u) (E—‘:) Standard deviation
Proton 1 0.003 47 x 107
2 0.056 40 x 10
10 0.359 3.0 x 107
50 0.621 1.5 x 1072
75 0.640 2.0 x 107
100 0.472 1.1 x 1072
150 0.374 12 x 107
Helium 1 0.003 24 %107
2 0.056 1.9 x 107
10 0.350 21 %107
50 0.607 73 x 107
75 0.633 1.0 x 107
100 0.485 6.4 x 107
150 0.381 7.1 x 107
Carbon 1 0.003 4.5x 107
2 0.055 6.4 x 107
10 0.355 7.1 x 107
50 0.606 1.7 x 107
75 0.632 24 x 107
100 0.475 1.6 x 107
150 0.385 1.9 x 107

"Each value corresponds to the average over 1,000 simulations performed with the LQD MC code. The core volume was defined as a parallelepiped with a square cross section of 200 nm edge.

= Y 8(z-“%z).

ce Q

dp
|:d_Z:| Q,cx (44)

[%]Q,CK represents the density of probability, for the
configuration of radiation tracks cg, to deposit the restricted
specific energy z in a local target i in the sensitive volume Q.

3.3 Energy deposited in the core and
penumbra of ion tracks

Table 5 shows the average ratio of the energy deposited in the
penumbra (E,) to the energy deposited in the core (E.) of ion tracks
for protons, helium and carbon ions with energies in the range from
1 MeV/u to 150 MeV/u. The values were computed with the LQD
MC code considering a core volume defined as a parallelepiped with
a square cross section of 200 nm edge. It can be seen that the ratio
depends essentially on the ion’s energy, but not its type, and that a
maximum value is reached for energies between 50 MeV/u and
100 MeV/u. The fact that the maximum value of the ratio does not
correspond to the highest ion energy might be due to the enhanced
forward emission (i.e., in the direction of the ion’s trajectory) of
secondary electrons. The latter would increase the energy deposited
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in the core, thus explaining the overall decrease in the ratio.
Furthermore, the results indicate that the energy deposited in the
penumbra represents about 12% of the energy deposited in the core
at 3 MeV/u, and only about 6% at 2 MeV/u. Thus, the contribution
of the penumbra may be neglected for low-energy ions such as the
ones used in BNCT and TRT with a-particle emitters.

3.4 Relative chemical effectiveness and f8
coefficient

The production and diffusion of OH radicals has been
simulated for different radiation types and energy values. The
obtained evolution with time of RCE® (since this quantity
appears squared in the expression of cell survival to global
events, Eq. 19) is plotted in Figure 4. The plots show that the
hydroxyl radical concentration induced by ions as a function of
time decreases faster than the one obtained in response to
photons, an effect due to the different spatial distribution of
the reactive chemical species produced in the two cases. When
they are located along the ion tracks, indeed, they may easily
recombine to give water or other (non-radical) molecules, while
when they are sparsely distributed the interactions between
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RCE? = (g)2 as a function of time for hydrogen, helium, carbon, neon and argon ions. G and G, are, respectively, the chemical yield of the OH®
radical produced by a given radiation and by the reference radiation (here °Co photons). The solid curves that connect the calculated values are for

visualization purposes only.

them are strongly reduced. Even if the OH® recombination is a
complex phenomenon, the simulations suggest that the value of
RCE increases with decreasing LET, as a general trend. Only one
exception is noticed in Figure 4 for 70 MeV protons. The general
behavior is illustrated as well in Figure 5, where we have plotted
the RCE as a function of LET for protons, helium and carbon
ions at a time Trep = 107" s. Let us remind that Trcg is the time
interval separating the impact of the incident particles and the
moment at which the concentration of OH® radicals is
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considered. It was shown in a previous work [26] that the
influence of Trcg on NanOx predictions is limited and almost
independent of the cell line. In particular, it was observed that
changing Trcg from 107" s to 107 s did not affect the linear
coefficient a. This is not surprising, as the term ;% Zn? has a
low impact on a. On the other hand, the dose deposited to
achieve 1% of cell survival (Do) slightly increased with Trcg for
low-LET ions, while no effect was seen for high-LET ions.
Overall, the maximum relative difference in Do, was < 15%.
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FIGURE 5

RCE as a function of LET for protons (squares), helium (triangles)

and carbon (circles) ions computed at a time of 10™* s. The solid
curves connecting the calculated points are for visualization purposes
only. Error bars are not shown given the small value of the
standard deviation: o <2x10~* for protons and helium ions; ¢ <3x10~*
for carbon ions.
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FIGURE 6

The ratio B/, as a function of RCE? for protons (squares), helium
(triangles) and carbon (circles) ions. The RCE was computed at a time
of 107" s for all ions. The coefficient f was obtained by performing a
linear-quadratic fit on the cell survival fractions computed with
NanOx for the HSG cell line (8, =0.0615 Gy~2, cylindrical nucleus with
radius of 7 ym and thickness of 1 ym).

Therefore, and for practical reasons, Trcg is fixed to 107" s in all
our simulations. The value of 107''s was chosen because it
slightly improves the results when we compare the cell
survival curves predicted by NanOx with experimental ones.
This time corresponds to the primary production of radicals just
after the very fast reactions involving the chemical species that
are almost in contact [26].

It is clear from Figure 5 that while the RCE increases with
decreasing LET for all ions, the curves do not exhibit a linear trend.
Moreover, the variations in the RCE become more important for
low-LET ions.

We have plotted in Figure 6 the ratio /B, as a function of
RCE? for protons, helium and carbon ions. We remind the reader

Frontiers in Physics

10.3389/fphy.2023.1011062

that f3 is the macroscopic coefficient of the quadratic term in the
LQ model corresponding to ion irradiation, and that 3, is the
value for reference photon radiation. The coefficient § was
obtained by performing a LQ fit on the cell survival fractions
computed with NanOx for the human salivary gland (HSG) cell
line (8, = 0.0615 Gy?), taking the cell nucleus as the sole sensitive
volume (cylindrical volume with a radius of 7 um and thickness
of 1um). As usual, the RCE was computed considering the
chemical yields of OH® radicals at a time of 10''s for all
ions. It can be seen that the ratio f/B, varies with RCE’
Moreover, in the region in which RCE = 1, there is an
important variation in f3, which indicates that  does not
correspond directly to fg-RCE* and that the averaging process
over all irradiation configurations plays an important role on the
value of B. We obtain different results when we fix RCE = 1 and
when we consider the RCE at a time of 107" s. Since the latter
condition leads to a better agreement with experimental data
when comparing cell survival fractions [28], it seems that taking
into account the chemical specific energy improves the modeling
of biological effects.

3.5 An example of application: Cell survival
to local lethal events in the track-segment
approximation

In this section we illustrate a simple application example of the
NanOx model. Let us consider the irradiation of a single sensitive
volume by a monoenergetic, monotype, parallel ion beam. In
addition, we will assume that track-segment conditions are
fulfilled, that the beam delivers a uniform radiation dose in the
surface of influence, and that the particles in the beam are
independent. Finally, we will consider that the effect on cell
survival of non-local lethal events can be neglected in order to
keep only the term Sy in Eq. 4. Under these conditions, the cell
survival probability as a function of the macroscopic dose D is
given by:

$(D) = ) P(K,D)- {*Si)e, (45)
K=0

with P(K, D) the probability, modeled with a Poisson distribution, to
achieve K impacts in the volume of influence with the dose D;
(K81, is the cell survival probability to local lethal events averaged
over ck irradiation configurations. Since the particles are considered
as independent, we have from Eq. 40:

CSee = ) flp(ck) : eXP(-}ickn*) = kK [Z P(ci) - exp(=*n")
o' kel =i 3 iy o
By defining the mean cell survival to one impact as:
Si = {*S)g (47)
it follows from Eq. 46 that:
(FSY = (Sin)". (48)

By substituting the right side of Eq. 48 into Eq. 45 and writing P(K,
D) as a Poisson distribution:
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00 K
S(D) =) exp(-))- % (1) = exp[-A(1-S)].  (49)
K=0 :

On the other hand:

D-Z

—F.y=—=
A=F a-LET

(50)
where F is the beam fluence in um ™2, ¥ is the surface of influence in
pum?’, D is the dose in Gy, a is a unit conversion factor equal to
0.1602 Gy -keV™" -um®, while the LET is in keV/um. Substituting the
right side of Eq. 50 into the one of Eq. 49:

b
(1-
LET

S(D) = exp| - Si1)-D|. (51)

a -
We can observe from Eq. 51 that when only the local lethal events
are taken into account, the cell survival probability is given by a pure
decreasing exponential, i.e.,:
S(D) = exp(—a- D), (52)
with:
_ Z(l - SI,L) _ G

" a-LET  a-LET’ (53)

where ¢ =X(1-S;) is the inactivation cross section. This result
can be readily extended to mixed radiation fields, in which case we
obtain the equation of Kanai et al. [4].

Finally, it is worth showing that the size of the surface of influence
has no impact whatsoever on ¢ or «. To understand this fact, let us
consider two surfaces of influence X, and X,, the latter
encompassing the former. The inactivation cross section for
Xz is:

G =2 (1-S3) (54)
Similarly, for X,:
6 =3(1-S15) (55)
which can be written as well as:
=2 (1-S3)+ (Z-2)(1-Si5-3) (56)

However, by Definition 1, the ions cannot deposit energy outside the
surface of influence Z;, so S;5,-5, = 1 and the second term on the
right of Eq. 56 vanishes. Thus:

G =G (57)

4 Discussion

The NanOx model was firstly developed for applications in
[13,50,51]. Its development followed a
theoretical study which showed that the local effects (at the
nanometric scale) were not enough for describing cell

hadrontherapy

survival, and that it was necessary to include non-local effects
[21,22].

NanOx combines some premises from other biophysical models
proposed in the literature with some fully innovative aspects. The
present section details further the positioning of the NanOx model
in the context of the state of the art in particle beam radiation
biophysical models.
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The extension or adaptation of the existing premises is seen in
the following features of the model:

o Usage of the concept of specific energy introduced in
microdosimetry; however, the use of this specific energy
was extended in NanOx to the nanoscale.

Introduction of the postulate that the cell survival can be
modeled with the product of two components, similar to what
was done in the model by Katz et al. [23,24]. However, in the
latter model the two components refer to the same mechanism
(activation of N targets), while in the NanOx model they are
related to two different lethal mechanisms.

« NanOx took the notion of local lethal event introduced in the
first version of the LEM [6], but without the assumption that
the expression relating the cell survival to the number of local
lethal events is a Poisson law.

The fully innovative aspects introduced in the NanOx model
were:

o The notion of global events that intends to model the lethal
effects of the oxidative stress and of the accumulation of
sublethal lesions, induced at the scale of the cell sensitive
volumes (the NanOx model in the present version does not
consider the interaction by pair of sublethal lesions).

o The notion of chemical specific energy, representing the toxic
accumulation of oxidative stress, i.e., the imbalance between
the production of reactive oxygen species and antioxidant
defenses, or sublethal damage at a cellular level. To the best of
our knowledge, for the first time chemical yields were used as
an input for a RBE model of cell survival.

o The construction of the ELLF related to the inactivation of
nanotargets. With no a priori assumptions on this function
except for the monotonic increase, its shape was resolved by
means of a linear combination of basis functions and a fit of
the weight values of this linear combination to get a good
agreement with experimental data. The resulting ELLF
presented a threshold and a saturation that were discussed
in respect to features of other models [46].

Moreover, two important aspects that deserve further discussion
are the scales and the level of detail at which biophysical models
describe the radiation effects and the way they integrate (or not)
non-Poissonian effects. As already mentioned, in the current version
of NanOx, the nanometric scale is integrated via the restricted
specific energy distributions in 10 nm targets, a size that covers
the extension of a DSB, including the diffusion of reactive chemical
species. These nanotargets are distributed uniformly in micrometric
sensitive volumes (e.g., the cell nucleus or, more generally, any other
cell organelle). Moreover, the chemical specific energy is calculated
also at the micrometric scale. Therefore, the target geometry covers
the microscale and the nanoscale. Besides, stochastic effects inherent
to ionizing radiations are fully taken into account. Indeed, each
configuration of irradiation is characterized by 1) the distribution of
radiation tracks and 2) for each track, by the distribution of energy
depositions and radicals with nanoscale resolution.

It is important to point out that the concepts of local lethal and
global events in NanOx are intentionally formulated in a sufficiently
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general way to allow testing distinct mechanisms in the future as the
model evolves. For this reason, we do not explicitly deal in NanOx
with the different types of DNA damages or their yield.

The question related to using a Poisson or non-Poisson law
appears at two levels. At the level of the local events, contrary to the
LEM, the NanOx model does not assume a Poisson law. At the level
of the radiation track configurations, in the same way as the LEM,
the cell survivals are averaged over all the possible values of the
number of tracks and their positions. In contrast, the MKM
calculates a mean number of lethal events over these irradiation
configurations and assumes a Poisson law for calculating the mean
cell survival. As this assumption is not valid for high-LET, “non-
Poissonian” corrections have been introduced in the extended and
derived versions of the model.

It should be noted that the LEM IV [11,19] is very different from
the previous versions of the model. The locality is no longer
associated to point-like events. The biological effect is determined
from the initial spatial distribution of DSB induced by radiation. The
calculation of the DSB distribution is based on the local dose
(derived from radial dose profiles) deposited in subvolumes of
the cell nucleus. MC methods are applied for sampling the DSB
location. The LEM IV considers three spatial scales of DNA damage
formation assumed to be relevant for cell survival, extending from
the nm level to about 10 um. It does not take into account, however,
the degree of complexity of DSB at the nm scale or the formation of
The LEM IV assumes a linear-
quadratic-linear (LQL) behavior of cell survival, with a threshold

chromosome aberrations [20].

dose marking the transition from a LQ to a purely linear behavior.

Similarly to the LEM IV, the MKM [52] divides the sensitive target
(cell nucleus) into subunits called domains, having a variety of shapes.
Radiation is assumed to create two types of DNA damages: type I
lesions are lethal; type II lesions are sublethal, i.e., they can be repaired or
converted into lethal lesions (either by spontaneous conversion or
binary combination with another sublethal lesion). Cell death occurs
if at least one domain contains a lethal lesion. The initial number of
lesions in a domain is considered proportional to the specific energy in
the domain. Then the evolution of the average number of lesions per
domain is computed by solving a set of coupled ordinary differential
equations. To connect the number of lesions to the cell survival
probability, the original MKM assumed a Poisson distribution of the
lethal lesions and a linear-quadratic behavior of cell survival. Later
improvements and extensions were made to the MKM, which
essentially added ad hoc corrections to account for non-Poissonian
effects [7,8,53]. Moreover, other developments have been required to
compensate the partial accounting of the stochastic nature of energy
deposition in the MKM, which leads to disagreements for high-dose
and high-LET irradiations, notably in the prediction of the behavior of
the B coefficient [12]. For more details, we refer the reader to the
excellent review on the MKM and derived models recently carried out
by Bellinzona et al. [54].

The local and global events defined in NanOx are somewhat
analogous to the type I and II lesions of the MKM, respectively.
However, the notion of global event in NanOx is different at least in
two points: 1) it currently does not consider the binary interaction of
sublethal lesions, only represents the deleterious effect of their
accumulation; 2) NanOx stresses the role of reactive chemical
species in radiation damage induction. On the other hand, an
interesting aspect of the MKM is the possibility to account for
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arbitrary dose-rates, something that is currently not considered in
the LEM and NanOx.

BIANCA (Blophysical ANalysis of Cell death and chromosome
Aberrations) [16,55,56] is a biophysical model allowing to compute
cell survival probabilities as well as chromosome aberration dose-
response curves for different types of irradiation. The basic idea
behind BIANCA is that some radio-induced DNA damages (called
cluster lesions) produce two independent chromosome fragments,
after which distance-dependent fragment mis-rejoining or un-
rejoining give rise to chromosome aberrations. Some of these
aberrations (dicentrics, rings and large deletions) lead to cell
death. While in the first version of BIANCA the cell survival was
computed considering a Poisson distribution of the number of lethal
aberrations, the calculation is now performed on a cell-by-cell basis.
A cell with at least one lethal aberration is counted as a dead cell,
whereas a cell with zero lethal aberrations is counted as a surviving
cell. The treatment of lethal aberrations in BIANCA is thus similar
to the one of local lethal events in NanOx. Since BIANCA assumes
that cell death is only due to chromosome aberrations, it does not
consider other origins of cell death. As in NanOx, dose-rate is
currently not taken into account in BIANCA.

Finally let us note that similarly to NanOx, other models have been
recently proposed to overcome the need of ad hoc non-Poissonian
corrections in the MKM and related models. One of them is the
generalized stochastic microdosimetric model (GSM2) [14,57], which
picks up some of the main assumptions of the MKM to derive a more
general and rigorous mathematical formalism. The GSM2 considers
both DNA lesion formation and time evolution via a microdosimetric
master equation. As other models, it uses microdosimetry spectra
(obtained from radiation transport simulations with MC codes such
as TOPAS [58]) to include the stochastic nature of energy deposition.
Some processes that GSM2 currently does not include are time-delayed
repair of DSB and cell apoptosis.

In summary, it is clear that much progress has been achieved in
recent years regarding the development of biophysical models able
to manage multi-scale approaches and non-Poissonian effects in the
description of ionizing radiation effects. We have mentioned here
the principles and assumptions on which some of those models are
based in order to highlight some similarities and differences with
respect to the NanOx model. However, it is out of the scope of this
paper to perform a in-depth comparison of NanOx with other
models either in terms of predictions or underlying concepts.

Furthermore, it should be mentioned that the implementation in
NanOx of radiation stochastic effects at all levels represents a major
challenge in terms of computing resources. Relevant approximations
were therefore introduced according to the domain of application of
the NanOx model. An example of these approximations, quite
innovative in RBE modeling, is the separation of the track in
core and penumbra, taking advantage of an ion’s track properties
for hadrontherapy applications [28]. Finally, very optimized
algorithms have been developed in order to make the
implementation of the model tractable. They were not mentioned
in the paper for the sake of simplicity.

Two aspects that are currently not considered in NanOx are
the explicit modeling of radio-induced bystander effects, which
are related to the communication between adjacent or nearby
cells, and the influence of radiation dose-rate. However, since
NanOx predictions are tuned based on experimental data,
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bystander effects are somehow implicitly included. On the other
hand, dose-rate effects may be taken into account in future
developments of the model.

5 Conclusion

This work presents a complete description of the formalism of
the NanOx model through an exhaustive listing of its main
postulates.

The model allows to predict cell survival fractions following
irradiations with ions or photons, and consequently to estimate the
relative biological effectiveness. NanOx is based on a multiscale
description of the interactions between radiation and biological
tissues, and accounts for the fluctuations in the energy deposition
at several levels: the fluctuations in the number of radiation tracks
(or the number of impacts produced by a given macroscopic dose),
the stochasticity of the energy pattern along each track, and of the
inter-track processes.

The intent of the paper is to stress the fact that the NanOx model
offers perspectives of evolution and improvement that are
intrinsically related to its formalism. Indeed, by working on
NanOx postulates and simplifications, one may explore different
scenarios to explain the enhanced radiobiological efficacy of the ions
used in innovative radiotherapy techniques such as hadrontherapy,
BNCT and TRT with a-particle emitters.

On the other hand, some of the approximations made in the
model may be relaxed, and the impact of each one quantitatively
evaluated.
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